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Vanadium (V) is a naturally occurring trace element, but total concentrations in soils and sediments are also dependent on the
parent material and might be influenced by anthropogenic activities (e.g., steel industry). Despite the fact that threshold values for
V in soils and/or sediments exist in various European countries, in Belgium, V is not taken into account when the environmental
quality of soils and sediments has to be evaluated, despite the existence of several (diffuse) sources for V. In the first part of the
study, the occurrence of V alluvial soils in Belgium was compared with V concentrations in alluvial soils (floodplain soils) across
Europe. By analysis of both the Belgian and European data, the relationship between physicochemical soil characteristics and total
V concentrations was quantified and some areas polluted with V were detected. A regression equation, in which V concentrations
in alluvial soils were expressed as a function of major element composition, was proposed for the Belgian and European data.
Additionally, single extractions with CaCl2 (0.01mol L−1) and ammonium-EDTA (0.05mol L−1) were used to estimate short- and
long-term mobility of V in the alluvial soils.
1. Introduction
1.1. Vanadium in Soils and Sediments. Vanadium (V) natu-
rally occurs as trace element in soils and sediments. The aver-
age concentration in soil is estimated to be around 150 μg g−1
[1] and 90 μg g−1 [2]. The concentration of V in soils and
sediments also depends on the parentmaterial and the occur-
rence of V-containing ore minerals in the subsoil [3]. Vana-
dium concentrations in igneous rocks are higher than in
acidic and in siliceous rocks, whereas the V content of meta-
morphic and sedimentary rocks is intermediate between the
content of basic and acidic igneous rocks [3]. In soils, V is
mainly associated with Fe(hydr)oxides, clay minerals, and
organic matter and it can also occur as discrete mineral
phases such as carnotite (K2(UO2)2(VO4)2·3H2O) and vana-
dinite (Pb5(VO4)3Cl) [2, 4, 5]. As an element of group VB
and with atomic number 23 in the periodic table, it can
acquire several oxidation states (+III, +IV, +V) [2, 6].
Beside its natural occurrence in soils and sediments, sev-
eral anthropogenic sources can cause an enrichment or even
pollution of soils and sediments with V. The main anthro-
pogenic sources of V are (1) the use of V as a catalyst in
the metal-, cement-, electronics, and textile industry; (2) the
production of certain metals such as iron and uranium, with
V as a secondary product [2], vanadium concentrations up
to 738mg/kg [7] and 3505mg/kg [1] have been reported in
mining areas; (3) air emission of V from the combustion of
fossil fuels [8]. The majority of the emissions of V into the
air are taken up by the soil surface, especially when soils are
rich in organic matter [9]. In Flanders (Belgium), the petro-
chemical and chemical industry are the main anthropogenic
sources for V. Other minor contributors to V emissions are
the food industry and the non-ferro industry [10].
Most food crops and also other plants contain trace
amounts of V [6] because small concentrations of V stimu-
late plant growth and act as a catalyst for nitrogen fixation
[11]. When plants and crops are exposed to enhanced V
concentrations in soil, they are usually smaller than the same
plants grown on noncontaminated soils [1, 2, 12]. V concen-
trations in porewater above 3mg L−1 result in important
toxic effects for plants [3]. Kasai et al. [13] found that 0.1 μM
vanadate had slight effects on seed germination, growth,
photosynthesis, respiration, and ATPase activity of wheat and
rye grass. The use of certain fertilizers ((NH4)2PO4, Na3PO4)
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increases the solubility, mobility, and uptake of V by plants
[14]. The oxidation state of V is primarily controlled by the
Eh (redox potential) and pH of a system. Under oxidizing
and more alkaline conditions, vanadium is found in anionic
form, as vanadate (HVO2−4 or H2VO
−
4 , oxidation state +V),
whereas vanadyl (VO2+, oxidation state +IV) has cationic
properties and occurs under more acid conditions [3]. Com-
plexes with fluoride, sulfate, or oxalate can increase the solu-
bility of V under oxidizing conditions [15]. Acute poisoning
of cattle by uptake of V-containing soil particles sticking to
grass has been reported by McCrindle et al. [16].
Vanadium toxicity for human beings can vary widely, de-
pending on its oxidation state. Clinical picture of poisoning
(starting from 10mg per day) shows different toxic effects of
vanadium on the respiratory, circulatory and central nervous
systems, the digestive organs, kidneys, and skin [17]. In the
past, V has also been used as a therapeutic for the treatment
of diabetes.
1.2. Alluvial Soils, Overbank Sediments, Floodplain Sediments.
Darnley et al. [18] made a distinction between alluvial soils
according to the catchment basin size: floodplain and over-
bank sediments are alluvial soils of large and small flood-
plains, respectively, but both consist of fine-grained (silty-
clay, clayey-silt) sediments. Floodplain and overbank sedi-
ments are deposited during flood events in low energy envi-
ronments [19]. Overbank sediments are considered a repre-
sentative sampling medium for geochemical mapping [19].
In areas of historical mining and pollution, only one over-
bank sediment sample is not always representative for the
geochemical characteristics of a large catchment basin [20].
De Vos et al. [4] evaluated the use of overbank sediments as
a medium for geochemical mapping in industrialized areas.
Samples of lower overbank sediment samples (i.e., samples
taken deeper in the overbank sediment profile) reflect the
natural, pristine situation, while upper overbank sediments
are influenced by anthropogenic chemical contamination.
From an environmental point of view, the use of overbank
sediments is interesting because background concentrations
are an essential reference point to evaluate the pollution
status of soils and sediments.
1.3. Legal Framework with regard to V Contamination. In the
environmental legislation of Flanders and Wallonia (which
are the two main regions in Belgium, each with an own envi-
ronmental legislation), threshold vanadium concentrations
are defined for emissions in air, surface water, and groundwa-
ter. Although background and intervention values are pro-
vided in the Flemish and Walloon Soil Decree for As, Cd,
Cr, Cu, Hg, Ni, Pb, Zn, and organic contaminants, no norm
values are provided for V. Nevertheless, several European
countries established norm values for V in soils (Table 1).
The norm values in Table 1 differ because of the use of
different models, software, and criteria with regard to human
toxicology and ecotoxicology [21]. Additionally, natural
(background) concentrations of trace elements in soils and
sediments are dependent on soil and sediment properties
(clay content, organic carbon content, etc.) and on the geo-
logical substratum, which makes it difficult to compare these
norm values [23]. Moreover, total concentrations of trace
elements do not give a good indication of the mobility and
toxicity of an element [2].
The aim of this study was (1) to evaluate the V-content
of alluvial soils (overbank sediments, floodplain sediments
and dredged sediment-derived soils) along some Belgian and
European rivers and to compare these values with norm
values established in other European countries, (2) to es-
tablish regression equations that allow to explain the V
content in alluvial soils based on major element composition
and/or physico-chemical soil properties such as clay- and or-
ganic matter content, (3) to assess the actual and potential
release (“mobile” and “mobilizable” fractions resp.) of V
from these soils by means of standardized European extrac-
tions and leaching tests (single extractions with CaCl2 and
ammonium-EDTA). It is not the purpose of this study to
propose norm values for V in (alluvial) soils, but the regres-
sion equations obtained in this study can be useful to
establish whether V concentrations that aremeasured in allu-
vial soils can be considered as “normal” or not.
2. Methodology
2.1. Sampling Locations and Sampling
2.1.1. Belgian Samples. Between November 2006 and Octo-
ber 2009, alluvial sediments, consisting of overbank sedi-
ment- or dredged sediment-derived soils, were sampled
along 3 different rivers in Belgium (Figure 1).
In northern Belgium, overbank sediment- and dredged
sediment-derived soils were sampled in the catchment of
the Scheldt river (catchment area in Belgium = 13336 km2),
which is divided in 11 subcatchments, including the Leie and
Demer catchments. The Leie river (north-western part of
Belgium) is an important tributary of the river Scheldt and its
total catchment area, consisting of Tertiary sands and clays, is
about 3675 km2 (in Belgium). The Leie river is characterized
by a regular flooding regime. In 1976, a part of the river was
straightened and dredged sediments were stored along the
river. Heavy metals in the dredged-sediment-derived soils
originate from industrial activities and agriculture. Most
of the dredged-sediment-derived soils are currently used as
meadows or forests. The Grote Beek (Demer catchment,
1272 km2) river (northern Belgium) is underlain by glau-
conite-rich medium-grained sands (Diestian Formation).
Organic- and iron-rich wetland soils have developed along
this stream. The river follows a very meandering path and as
a consequence several flooding zones occur along the river,
which are flooded a few times a year during periods of heavy
rainfall. The major source of pollution is a factory that is
producing phosphate fertilizers by the refinement of phos-
phate ores. The majority of the alluvial soils along the Grote
Beek consist of unused (i.e., not used for living, industry or
agriculture) land, situated in a natural reserve.
In eastern Belgium and in the southern part of The
Netherlands, overbank sediments were sampled along the
Geul river (Figure 1). The Geul river, a tributary of the
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Table 1: Norm values for vanadium (total concentration in mg kg−1) in soil in European countries [21, 22].
Country
Negligible Warning Unacceptable Unacceptable
risc risc risc (residential) risc (industrial)
The Netherlands 42 — 250 —
Czech Republic 180 340 450 —
Slovenia 120 200 500 —
Finland — 100 150 250
Sweden — 200 — —
Italy — — 90 250
Lithuania — — 150 —
Russia — — 150 —
Leie
Sc
he
ld
tLe
ie
Scheldt
Dem
er
M
eu
se
Diest
Brussels
Antwerpen
Kortrijk
Kortrijk
Ghent
Ghent
GeulSippe-
naeken
Plombie`res
Epen
Belg
iumThe
Net
herl
and
s
m
Scheldt
km
km
0
0 050
10
10
00
N
D
m
Grote Beek
Zwart Water
Hulpe
Scherpenheuvel
(Zichem)
(Molenstede Diest)
(Deurne Diest)
Nete
NL
F
L
2000
Ze
nn
e
0
Figure 1: Overview of the Belgian sampling locations.
Meuse, flows in sandstones (Upper Devonian) and carbon-
ates and shales (Lower and Middle Carbonian) [24]. The
discharge of the Geul river depends largely on the amount of
rainfall and is characterized by a flashy regime with a se-
quence of small floods in autumn and winter and a few ma-
jor floods in summer [25]. From the Middle Ages until the
beginning of the 20th century, extensive Zn-Pb mining and
smelting was carried out in Plombie`res and La Calamine
(eastern Belgium). Besides the important amount of waste
that is stored in the large mine tailing piles, overbank sedi-
ments along the nearby Geul river are severely contaminated
with Zn, Pb, and Cd [24]. The Geul drains a predominantly
rural catchment with a relatively low population density.
At each location, vertical profiles were dug and samples
(1 kg of material per sample) were taken at depth every 5 to
20 cm, depending on visual differences in color, organic mat-
ter content and/or texture, yielding 3 to 5 samples per hori-
zon. In total, 206 samples were taken. Along the Leie river,
samples were taken in dredged sediment-derived soils. Along
the Geul, profiles were sampled within overbank sediment-
derived soils and along the Grote Beek both overbank
sediment- and dredged sediment-derived soils were sampled.
2.1.2. European Samples. “The FOREGS Geochemical Base-
line Mapping Programme’s main aim is to provide high-
quality, multipurpose environmental geochemical baseline
data for Europe. The need for this type of data was justified
by the first Working Group on Regional Geochemical
Mapping immediately after the Chernobyl accident in 1986,
when it was realized that a baseline for radioactive and other
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Table 2: Comparison between certified and measured (average of 3 replications) values for V in 3 certified reference materials.
Certified value (mg kg−1) Measured value (mg kg−1)
SRM2710 Montana soil 76.6 69.8 ± 4.7
GBW07311 Soil 47 ± 5 42.6 ± 3.3
GBW07411 Stream sediment 88.5 ± 6.9 84.1 ± 6.8
polluting elements could not be defined” [26–28]. After sev-
eral attempts to compile existing regional geochemical data-
bases in Europe, it was clear that the establishment of a
harmonized European wide geochemical database was essen-
tial. The Forum of European Geological Surveys’ Directors
(FOREGS) approved a Geochemical Baseline Mapping Pro-
gramme in 1996, and in 1997 an agreement on the prin-
ciples of field and analytical methodologies was obtained
and the field methodology was tested, finally resulting in the
“FOREGS Geochemical Field Manual,” that was published in
1998 [29]. In the present study, data from floodplain sedi-
ments samples in 26 countries that were involved in the
FOREGS Geochemical Baseline Mapping Programme are
used.
From each sampling site, 2 kg of top floodplain sediment
(sampling depth 0–25 cm) was collected. The sampling
procedure for floodplain soils is described in the fieldmanual
[29].
2.2. Physicochemical Soil Characterization
2.2.1. Belgian Alluvial Soils
Physicochemical Characterization. All analyses were per-
formed on air-dried soil samples. For the determination of
element concentrations and organic carbon content, part
of the soil sample was disaggregated in a porcelain mortar
and sieved (<1mm). pH(H2O) was measured in a soil/water
suspension (1/2.5). Organic carbon was determined accord-
ing to the Walkley and Black method [30]. Grain size was
determined by laser diffraction analyzis (MalvernMastersizer
S long bed). Total element concentrations (Al, As, Ba, Cd,
Cu, Cr, Co, Ca, Fe, K, Mg, Mn, Ni, Pb, V, and Zn) were
determined in all the samples, but the discussion will mainly
focus on V. One gram of sample was dissolved in 4mL
HClconc, 2mL HNO3conc, and 2mL HFconc in a Teflon beaker.
The mixture was gently heated on a hot plate until half
dry, subsequently reattacked with the same amount of the
three acids and heated until completely dry. The residue
was redissolved with 20mL 2.5mol L−1 HCl and filtered
(Whatman 45). Finally, the solution was diluted to 50mL
with distilled water. This destruction method was chosen
because we have a lot of experience with this method in our
laboratory and it allows to compare the results with previous
studies performed in our laboratory. Concentrations of
major elements (Fe, Al, Ca, K, and Mg) were measured with
Flame atomic absorption spectrometry (FAAS, Varian AA6),
whereas an Induced coupled plasma mass spectrometry
(ICP-MS, HP 4500 Series) was used for As, Ba, Cd, Cu,
Cr, Co, Mn, Ni, Pb, Vm and Zn. Three certified reference
materials, namely, GBW07411 Soil, (a Chinese soil),
GBW07411 sediment (a Chinese stream sediment), and SRM
2710 Montana soil (a soil collected from the upper 10 cm of
pasture along a creek and contaminated by overbank dep-
osition of contaminated sediments) were analyzed for quality
control. Total certified V concentrations in these materials
are determined by XRF and/or neutron activation analysis,
whereas a dissolution with 3 strong acids (HCl, HNO3, and
HF) is used in the present study, followed by a measurement
with ICP-MS. Despite the use of hydrofluoric acid, a small
residue (usually less than 5% of the dry mass of the sample)
is not dissolved. A previous investigation in our laboratory
showed that this residue consists of quartz particles and
sometimes also phyllosilicates. This possibly explains why
measured V concentrations are slightly lower compared to
certified values (Table 2). Nevertheless, the use of a disso-
lution with strong acids and ICP-MS determination allows
a better comparison with data from the FOREGS project,
where V has been determined by ICP-MS after aqua regia
dissolution and by XRF. It is clear that the procedures for
the determination of total element concentrations in soils
and sediments should be well established, especially in large-
scale studies, since this is essential to compare results of
different studies and/or laboratories. Additionally, triplicate
analysis was performed for some samples. Relative standard
deviations on triplicate analysis (3 separate subsamples) were
below 5% for all elements, except Ca and Al (below 10%).
Single Extractions. Single extractions were performed on
65 samples of alluvial soils from the Leie and Grote Beek
rivers. For the CaCl2 and ammonium-EDTA extraction, the
protocol of the SMT (Standards Measurement and Testing)
program [31] was followed. 20mL of a 0.01mol L−1 CaCl2 or
20mL of a 0.05mol L−1 ammonium-EDTA solution, respec-
tively, was added to 2 g of air-dried sediment in a centrifuge
tube. The suspension was shaken for 3 h or 1 h, respectively,
in a reciprocal shaker, centrifuged (3500 rpm, 10 minutes),
decanted, and filtered (0.45 μm). After measurement of pH,
the CaCl2 extract was acidified with concentrated HNO3 to
bring the pH to <2. The ammonium-EDTA extracts were not
acidified prior to analysis to prevent precipitation of EDTA
salts at very low pH. A referencematerial (CRM483) certified
for its ammonium-EDTA and CaCl2- extractable content of
Cd, Zn, Cu, and Pb was also included. No certified values
are provided for V, but the data obtained in this study are
presented in Table 3 in order to allow comparison with other
studies in the future. Standard deviation between triplicate
extractions was less than 5%. The data of the ammonium-
EDTA extracts are presented in mg/kg dry matter, since
EDTA-extractable element concentrations are often com-
pared to total element concentrations. The V concentrations
in the CaCl2 extracts are expressed in μg L−1, to facilitate the
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Table 3: Values for V measured in the CaCl2 (in μg L−1) and ammonium-EDTA (in mg kg−1) extracts performed on certified reference
material CRM 483 according to the BCR extraction protocol for single extractions with CaCl2 0.01mol L−1 and ammonium-EDTA
0.05mol L−1.
CaCl2 0.01mol L−1 ammionum-EDTA 0.05mol L−1 Total concentration
μg L−1 mg kg−1 mg kg−1
CRM483 5.7 ± 0.9 4.3 ± 0.1 64.5 ± 3.7
comparison with, for example, porewater concentrations of
V.
2.2.2. Alluvial Soils from the FOREGS Database. Details
about the analytical methods are provided in Sandstro¨m et
al. [32]: total concentrations of MgO, P2O5, K2O, CaO, TiO2,
V, Cr, MnO, Cs, Ba, La, and Ce were determined using energy
dispersive polarized X-ray fluorescence spectrometry. In the
floodplain soil samples, V was also determined by ICP-MS
after aqua regia destruction. Because the data in both datasets
are not always in the same order and data are sometimes
missing, a comparison between data obtained with both
methods was not performed. In the present study, mainly the
data from the XRF analysis will be used.
2.3. Statistical Analysis. Statistical analysis was performed
with the software package SPSS 16.0 for Windows.
Descriptive statistics (average, median, minimum, maxi-
mum, standard deviation, and variance) were calculated for
each variable. The 90th percentile of element concentrations
in the upper soil layer of noncontaminated soils is often
considered representative for the background value in soils
[22, 33]. Because our datasets contained both contaminated
and noncontaminated samples, no attempt was made to pro-
pose background values. By comparing average and median
values, soils with enrichment in V can be detected [33].
The normal distribution of the variables was checked by
means of the Kolmogorof-Smirnov (K-S) test and correla-
tions between variables were tested by calculating two-tailed
Pearson correlation coefficients for the log transformed val-
ues. Analysis of variance (ANOVA) was applied to compare
averages of the variables between river basins. Multiple linear
regression according to the stepwise method was performed
to deduce possible causal relationships between the variables.
Attention was mainly paid to the possibility of predicting
trace element concentrations in sediments based on major
element composition, pH, clay, and organic matter content.
Different assumptions of the linear regression (normality
of the de residues, autocorrelation, quasi-multicollinearity
(QMC), and heteroscedasticity) were tested.
For the statistical analysis, the recommendations of Web-
ster [34, 35] (reporting mean values with standard errors,
performing linear regressions, etc.) were taken into account.
3. Results and Discussion
3.1. Total Concentrations of V in Floodplain Soils. Average
total V concentration in the 3 Belgian catchments and in
the European FOREGS database were in the range 45–
87mg kg−1. The high average V concentrations in the alluvial
soils of the Grote Beek catchment is mainly due to 7 outli-
ers with V concentrations between 189 and 301mg kg−1.
Alluvial soils of the Geul river are characterized by significant
lower V concentrations compared to the Leie and Grote Beek
rivers. V concentrations in floodplain soils are rarely report-
ed in literature. Peh and Miko [36] measured average V
concentrations of 70mg kg−1 in Croatia, which is in line with
the values reported here. Ivanov and Kashin [37] recorded
(AAS-measurement after aqua regia destruction) average V
concentrations of 110mg kg−1 in alluvial deposits in Trans-
baikalia (Russia), and Wigginton and Price [38] found (ICP-
OES determination after aqua regia destruction) concentra-
tions between 8 and 17mg kg−1 in floodplain soils of Bayou
Creek (UK). On the 4th October 2010, red mud suspension
were released from the Ajkai Timfoldgyar Zrt alumina plant.
Among other trace elements, mud samples at the source
contained important V concentrations (>1000mg kg−1), and
floodplain sediments downstream were significantly affected
by the red mud [39].
Total V concentrations in floodplain soils from the
FOREGS database are represented on Figure 2. Since the data
presented on Figure 2 are characterized by a right kurtosis
and thus not normal distribution, concentrations represent-
ed on the map are strongly influenced by locally enhanced V
concentrations [40]. Data for the Belgian catchments are not
presented on a map, since the data originate from 3 distinct
locations, only covering a limited area in Belgium.
Data observations which lied more than 1.5 interquartile
range lower than the first quartile or 1.5 interquartile range
higher than the third quartile were considered as an outlier.
In the Belgian data for V, 7 outliers were observed, between
189–301mg kg−1, all coming from samples from the alluvial
soil samples of the Grote Beek. De Grote Beek is also char-
acterized by the highest average V concentrations and an
important difference between average and median values for
V, which indicates an anthropogenic source for V [33]. In this
area, phosphate ores are processed by a plant that is emit-
ting its waste water directly into the river. V is known as
a secondary product of phosphate production [8]. In accor-
dance to this, the correlation coefficient between V and P in
alluvial soils is also very high in the samples from the Grote
Beek river.
When the V concentrations in these samples are com-
pared with the norm values in Table 1, 11 samples of the
Grote Beek alluvial plain exceed the value for “unacceptable
risk” in residential areas established in Finland, Lithuania,
and Russia (150mg kg−1), whereas 3 samples exceed the
Dutch “negligible risk” value of 250mg kg−1. The samples
from the catchment of the Leie river are contaminated with
heavy metals and often characterized by an elevated clay-
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Figure 2: Total V concentrations in alluvial soils samples in 26 European countries [27].
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Table 4: Summary statistics for total V concentrations (in mg kg−1), based on Belgian (this study) and European [28] data. Standard
deviation is reported within brackets. n: number of samples.
dataset area mean median min max n
Belgian samples
3 Belgian floodplains 69 (43) 53 18 301 206
floodplain of the Geul 45 (6) 46 30 57 75
floodplain of the Grote Beek 87 (55) 66 28 301 94
floodplain of the Leie 71 (28) 69 18 160 37
FOREGS
Europe (XRF) 59 (35) 56 1 266 749
Europe (aqua regia) 56 747
and organic matter content. Only one sample from alluvial
plain of the Leie river is characterized by a V content above
150mg kg−1 (total V concentration is 161mg kg−1).
The samples from the Geul-catchment, finally, are char-
acterized by relatively low total V concentrations (average
45mg kg−1, Table 4). The average V concentration in the
alluvial soils of the Geul river is below the 90th percentile
of the European dataset, which could be considered as the
background value [33], as well as below the average V con-
centration in European alluvial soils. Themaximal V concen-
trations is 57mg kg−1 (Table 4) and thus below all threshold
values established in Table 1, except the value for “negligible
risk” from The Netherlands (42mg kg−1). The average V
concentration in the soils along the Geul is very close to
the median concentration, which indicates that V is not of
anthropogenic origin [33]. The subsoil in the Geul catch-
ment consists of sand and shale and other studies also
showed that total V concentrations in soils developed on
shale are lower compared to more clay-rich substrates [41].
In the European FOREGS dataset, “the spatial distri-
bution of V is clearly related to the bedrock geology and
mineralization, especially mafic and ultramafic lithology,
and also clay-rich soil with high Al2O3 content” [15]. The
highest V concentration is found in the mineralized Oslo
rift (266mg kg−1). In England and Germany, elevated V con-
centrations (224mg kg−1) are respectively due to industrial
pollution and coal and oil combustion [15].
3.2. Relation of V with Other Elements
3.2.1. Correlations. Because the majority of the data (trace
element and major element concentrations) showed a right
kurtosis and were significant on the K-S test, the data were
log transformed. Concerning the FOREGS data, the corre-
lation coefficients in Table 5 were calculated with the data
from the XRF determination, since more elements that are
relevant for this paper were measured with this method com-
pared with the aqua regia method. Unfortunately, it was not
possible to merge the results of the aqua regia and XRF deter-
mination into one table, because the data were not in the
same order and there were several missing samples for each
of the methods. This inconvenience of the FOREGS data-
base has also been mentioned by [40].
In general, Mg, Cr, and Al showed the strongest cor-
relation with V (Table 5). Among the trace elements, Cr is
characterized by a strongly positive correlation with V in the
samples of the Grote Beek (R = 0.933). Other studies also
demonstrated a high correlation between Cr and V in soils
and sediments [23, 42]. Cr and V can substitute for each
other in the crystal structure of clay minerals and vanadate
and chromate show a similar behavior in soils.
In the catchment of the Grote Beek, elevated Fe concen-
trations were generally found, with a maximal concentration
of 7.66% Fe, which could be explained by the occurrence of
iron-bearing sands and sandstone as well as glauconite in the
subsoil [43].
Fe and Al also show a positive correlation, which is often
observed in soils and sediments (e.g., [15, 42, 44–46]).
Data for the clay and organic carbon content were only
available for the floodplain soils of the Leie. Vanadium shows
a significant positive correlation with the clay content
(0.713), which is in accordance with the positive correlation
with Al and other clay-associated elements and with the or-
ganic carbon content (0.657). Although the association of V
with organic material is also shown in other studies [2, 46],
some authors [42] report a significant negative correlation
between V and organic matter content. Połedniok and Buhl
[5] concluded that the amount of V bound to organic
material is lower in industrial areas compared to rural areas.
For the XRF-data from the FOREGS database, vanadium
in the European floodplain soil samples is strongly positively
correlated with Fe and Ti, and to a lesser extent with Al.
These positive correlations can be explained by the fact
that (hydr)oxides of Fe, Ti and Al are good adsorbers for V
ions [47, 48] and because of the occurrence of these elements
in clay minerals. Moreover, the atomic radius of the V ion is
similar to the radius of Fe and Al [2, 15].
3.2.2. Regression Equations to Predict V Concentrations in
Alluvial Soils. Multiple linear regressions were performed
with Fe, Mg, Ca, K, Al, P, and the clay (<2 μm fraction),
and organic matter content as independent variables. Clay
and organic matter were included because they are already
used in the standardization of background values for heavy
metals in soils and sediments [49]. Fe is a major component
of Fe(hydr)oxides, and is also a constituent of sheet silicates.
In soils and sediments, Ca and Mg are dominantly found
in sheet silicates when the parent material is Mg-rich (e.g.,
ultrabasic rocks) and in carbonate minerals (e.g., CaCO3) in
nonacidic soils.
Regression equations were constructed according to the
stepwise method [50]. In order to only include the most
significant independent variables. With exception of the soils
from the Grote Beek, all regression equations in Table 6 are
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Table 5: Two-tailed Pearson correlation coefficients of V with other elements measured in floodplain soils of Belgian and European rivers.
Belgian data Grote Beek Geul Leie FOREGS
Mg 0.793∗∗ 0.821∗∗ 0.391∗∗ 0.778∗∗ 0.570∗∗
Al 0.030 0.785∗∗ 0.686∗∗ 0.870∗ 0.680∗∗
P 0.626∗∗ 0.556∗∗ −0.028 0.280 0.374∗∗
K 0.681∗∗ 0.343∗∗ — 0.605∗∗ 0.433∗∗
Ca 0.481∗∗ 0.088 −0.100 0.170 0.064
Cr 0.729∗∗ 0.933∗∗ 0.177 0.631∗∗ 0.665∗∗
Mn −0.079 0.516∗∗ 0.211 0.397∗ 0.640∗∗
Fe 0.668∗∗ −0.118 0.461∗∗ 0.827∗∗ 0.896∗∗
Co 0.201∗∗ 0.825∗∗ 0.399∗∗ 0.672∗∗ 0.841∗∗
Ni 0.424∗∗ 0.551∗∗ 0.322∗∗ 0.717∗∗ 0.706∗∗
Cu 0.513∗∗ 0.651∗∗ 0.235∗ 0.484∗∗ 0.649∗∗
Zn 0.021 0.665∗∗ 0.152 0.382∗ 0.556∗∗
As 0.575∗∗ 0.411∗∗ 0.249∗ 0.594∗∗ —
Se 0.468∗∗ 0.365∗ 0.184 0.715∗∗ —
Sr 0.667∗∗ 0.548∗∗ 0.601∗∗ 0.375∗ —
Cd 0.428∗∗ 0.314∗∗ 0.121 0.365∗ —
Ba 0.439∗∗ 0.437∗∗ 0.561∗∗ 0.628∗∗ 0.463∗∗
Pb −0.128 0.615∗∗ 0.211 0.461∗∗ 0.347∗∗
Ti — — — — 0.869∗∗
OM — — — 0.657∗∗ —
Clay — — — 0.713∗∗ —
Loam — — — 0.054 —
Sand — — — −0.511∗∗ —
S — — — 0.463∗ —
∗
: significant at α = 0.05 (two-tailed).
∗∗: significant at α = 0.01 (two-tailed).
characterized by one or more outliers. Omission of the out-
liers from the dataset resulted in a better fit for the regression
equations (Table 6). Additionally, the QMC, homoscedas-
ticity, normality of the residues in independent residues
improved in most of the cases.
In general, total V concentrations could be predicted very
well by the independent variables Al, Fe, and Mg (Table 6).
An example of a good fit between measured and predicted
values is presented in Figure 3 for the alluvial soils of the Leie.
For the Belgian dataset, Al was an important explaining
variable, together with Fe, Mg, and/or P (Table 3). Partic-
ularly for the Grote Beek alluvial soils, P is an explaining
variable in the regression equation for V, which can be related
to the emissions from the phosphate ore processing plant.
Despite the fact that major elements such as Fe, and Mg
are also a component of sheet silicates, they are also major
components of resp. Fe-(hydr)oxides and carbonates. More-
over, the attribution of the term “clay fraction” to the <2 μm
fraction is sometimes misleading. Beside clay minerals, Fe-
rich minerals such as Fe-oxi/hydroxides and phyllosilicates
are often concentrated in the clay fraction (<2 μm) [51]. A
geochemical approach using the total concentrations of con-
servative elements may be used to overcome these difficulties
(e.g., [52]). Before processing the dataset, the potential
anthropogenic input of the element and diagenetic processes
that may alter its concentrations in sediments should be
checked [53]. For the European data, Fe, Al, and Mg were
the most significant explaining variables (Table 6).
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Figure 3: Predicted versus measured V concentrations in the
floodplain soils of the Leie river.
3.3. Single Extractions
3.3.1. Prediction of “Mobile” Metal Concentrations. The com-
position of soil porewater is important from an environ-
mental point of view because it gives an indication of the
“actual mobility” of heavy metals and because the uptake of
trace elements by plants occurs via the porewater. Moreover,
porewater is also the carrier for elements to the groundwater.
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Table 6: Regression equations for the different areas with V (logtransformed) as dependent variable.
Area Regression equation R2
3 Belgian
floodplains
alog V = −3.172 + 0.433 log Al + 0.367 logMg + 0.399 log Fe + 0.058 log P∗∗ 0.831
blog V = −2.956 + 0.424 log Al + 0.341 logMg + 0.312 log Fe + 0.068 log P∗∗ 0.920
floodplain of the
Geul
alog V = −1.424 + 0.507 log Al + 0.174 log Fe∗∗ 0.606
blog V = −1.342 + 0.503 log Al + 0.160 log Fe∗∗ 0.634
floodplain of the
Grote Beek
alog V = −2.820 + 0.761 log Al + 0.196 logMg +0.207 log P ∗∗ 0.809
floodplain of the
Leie
alog V = −4.244 + 0.945 log Al + 0.368 logMg + 0.315 log clay∗∗ 0.824
blog V = −3.870 + 0.775 log Al + 0.472 logMg + 0.330 log clay∗∗ 0.900
Europe
alog V = 1.041 + 1.32 log Fe + 0.413 log Al + 0.102 logMg∗∗ 0.836
blog V = 1.108 + 1.33 log Fe + 0.279 log Al + 0.086 logMg∗∗ 0.880
a
In the first regression equation, outliers are included.b The second regression equation is without outliers. ∗∗Significant at 0.01 level.
The composition of the CaCl2 extract is often considered
representative for porewater composition. Contaminants in
the porewater can move to deeper soil layers or to the
groundwater by infiltrating water. In the present study, aver-
age CaCl2-extractable V concentrations were 2 μg L−1 for the
samples from the Leie and 4 μg L−1 for the samples from the
Grote Beek (Table 7), which is far below the value of
3mg L−1, which is proposed by Edwards et al. [3] and would
cause significant toxic effects to plants.
Metal partitioning in soils can be quantified by models in
which metal concentrations in the porewater are described as
a function of the metal binding solid phases such as Fe- and
Al-(hydr)oxides, organic matter, and clay and as a function
of soil characteristics that influence heavy metal partitioning,
such as pH. The ratio between total metal content bound to
a soil relative to its concentration in the soil solution is
often represented by Kd coefficients. However, such a mod-
el assumes that the sorption capacity of a material is inde-
pendent of the soil properties (organic matter content, pH,
clay content, etc.) and therefore, single Kd values are not ap-
propriate to predict metal solubility in soil. Therefore, several
authors indicated that metal solubility could be predicted
from soil properties. For example, Houba et al. [54] observed
a significant relationship between the distribution coefficient
(Kd) of Cd in soils and the pH of the CaCl2 extract. According
to McBride et al. [55] most of the variability of metal solu-
bility in soil is explained by pH, organic matter content and
total metal concentrations.
A semimechanistic approach was developed by Sauve´
et al. [56] which is based on the assumption that exchange-
able metals and protons compete for adsorption on soil-ex-
change sites. In this model, pH, total metal concentrations,
and soil organic matter are used to predict dissolved metal
concentrations.
In the present study, a modified version of this competi-
tive adsorption model was applied, since ammonium-EDTA-
extractable metal concentrations were used instead of total
metal concentrations. EDTA extractions are often used to
estimate the potentially “available pool” of metals (i.e., the
pool that can deliver metals from the solid phase of the soil
to the soil solution in a relatively short time period). Stepwise
multiple linear regressions was performed with pH(CaCl2),
organic carbon content, clay content, CaCl2-extractable V in
P concentrations, dissolved organic carbon (DOC) content
in the CaCl2-extracts, and ammonium-EDTA-extractable V
in P concentrations. Phosphorus was included because phos-
phate can influence the release of V from soils [7, 13, 57].
The distribution of an element between the liquid and
solid phase depends strongly on the speciation of the selec-
ted element. Because vanadium is known to occur in mul-
tiple oxidation states, the actual distribution of the oxidation
states was first calculated using the speciation code Visual-
MinteQ. According to these calculations, the main vanadium
species encountered in the CaCl2 extracts is HVO2−4 , which
means that V occurs as an anion that will have the tendency
to be desorbed when pH rises.
For the Grote Beek floodplain soils, only the pH of the
CaCl2 extract and ammonium-EDTA-extractable V concen-
trations were retained in the final regression model, as the
other variables did not contribute to an improvement of the
regression equation. For the Grote Beek river catchment,
“mobile” V concentrations in floodplain soils could be pre-
dicted using the following fitting equation:
log [V]s = 5.356− 1.041pH + 1.338 log [V]a
R2 = 0.840
(1)
with [V]s = the V concentration in the CaCl2 extract
(mg L−1), [V]a = the “available pool” of V (mg kg−1).
For the floodplain soils along the Leie, the pH of the
CaCl2 extract, EDTA-extractable V-concentrations and or-
ganic carbon content were retained in the final regression
model, resulting in the following regression equation:
log [V]s = 1.313− 1.969 log clay + 0.378 log [P]a
+ 1.150 log OC
R2 = 0.590
(2)
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Table 7: Summary statistics for V concentrations in the CaCl2 (in μg L−1) and ammonium-EDTA (in mg kg−1) extracts. Standard deviation
is reported within brackets. n: number of samples.
mean median min max n
Leie river
CaCl2 (μg L−1) 2.0 (1.7) 1.8 <0.1 6.7 39
ammonium-EDTA (mg kg−1) 2.4 (2.2) 2.0 <0.1 9.8 39
Grote Beek river
CaCl2 (μg L−1) 4.4 (4.5) 2.0 <0.1 12.2 27
ammonium-EDTA (mg kg−1) 11.2 (12.1) 5.0 1.3 35.3 27
with [V]s = the V concentration in the CaCl2 extract
(mg L−1), [P]a = the “available pool” of P (mg kg−1), OC
= the organic carbon content (%), clay = the clay content
(in %).
3.3.2. “Potential Availability” of V. Ammonium-EDTA was
also used to estimate the “mobilizable” metal concentrations.
EDTA is a nonselective reagent that exhibits a strong capacity
to complex metals. EDTA was shown to dissolve carbonates,
thereby mobilizing occluded elements [58]. Borggaard [59]
showed that EDTA extracts amorphous Fe-oxides, but this
dissolution is very slow in the presence of other metal-
chelate complexes [60]. It is also able to form organometal
complexes, which compete with organic matter in soil. Addi-
tionally, complexes of EDTA with heavy metals such as Cd,
Cu, Pb, Ni, and Zn are more stable than complexes between
V and EDTA, which results in a lower ammonium-EDTA-
extractable fraction of V when the heavy metals mentioned
before are present in high concentrations [61]. The average
EDTA-extractable V concentration in the floodplain soils of
the Leie was 2.46mg kg−1 (Table 7) which is comparable with
average EDTA-extractable V concentrations (3.40mg kg−1)
reported by Ga¨bler et al. [61]. In the samples from the
Grote Beek river, the average ammonium-EDTA-extractable
V concentration was 11.2mg/kg. Floodplain soil samples
along the Grote Beek are contaminated with V and display
elevated V concentrations, which can also explain for the
higher ‘potentially mobile V-content in these soils. In relative
concentrations, however, only 3.5% and 9.8% of the total V
content in the floodplain soil samples of, respectively, the
Leie and the Grote Beek were extracted with ammonium-
EDTA, pointing to the fact that the majority of the V in the
samples is characterized by a very low mobility. In the highly
contaminated samples of the Grote Beek, a more detailed
study of V mobility may nevertheless be useful to elucidate
the potential release of V under changing environmental
conditions (changes in pH, Eh, etc.).
4. Conclusion
Average V concentrations in Belgian alluvial soils
(69mg kg−1) are in general comparable with the average V
content in European alluvial soils (56–59mg kg−1). In one of
the river catchments analyzed in this study, a contamination
of alluvial soils, originating from a phosphate ore processing
plant, was detected. By analysis of both the Belgian and Euro-
pean data, the relationship between concentrations of major
elements and V was quantified. Fe, Al, and Mg were the most
significant variables that could predict the total V content in
the alluvial soils and the obtained regression equation could
be used to predict V concentrations in alluvial soils. For the
alluvial soils contaminated by the emissions from the phos-
phate ore treatment plant, P was also an explaining variable.
“Mobile” V concentrations, as estimated by the amount of V
released by a single extraction with CaCl2 0.01mol L−1, were
low, even in the most contaminated soil samples. Despite the
low actual mobility of V, it might nevertheless be useful to
study the effect of changing environmental conditions such
as soil acidification and fluctuating redox conditions (e.g., by
inundation of the floodplain soils). This will be the subject
of a followup study, in order to obtain a better insight in the
geochemistry of V in soils and sediments.
Finally, it is clear that the procedures for the determina-
tion of total element concentrations in soils and sediments
should be well established, especially in large-scale studies,
since this is essential to compare results of different studies
and/or laboratories.
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